variable-size element technique is usually applied for compensation of spatially phase error of incoming wave. It is worth mentioning that by using the FSSs introduced in [7] - [9] designing dual band reflectarray in the frequency bands which are close to each other is not possible. In other words, obtaining reflection and transmission properties for two close wide bands would not be achievable with the elements introduced in the above literature.
In this paper, two RAs are designed and fabricated for dual band operation in X and Ku band. Both RAs are exploiting an element with attached phase delay lines as the main radiating element while a double layer FSS element is added beneath the Ku-band (17) (18) (19) element to obtain transmission property in X-band (8-9 GHz) and simultaneously simulating the ground plane in Ku band. By virtue of this structure, designing two stacked RA for closer frequency bands in comparison with the other dual band FSS-backed RAs will be possible which has not been previously reported. Thanks to the linear phase response of the delay line method [11] - [13] and it's lower tolerance in manufacturing. It has been used as the phase shifting mechanism for main element of the designed RAs in this work. As mentioned above a wideband element based on quasi-spiral phase delay line is utilized for designing a FSS-backed reflectarray. In fact, the FSS layer is considered as ground plane for the top Ku-band and also as a transparent layer for the bottom X-band RA.
II. ANTENNA CONFIGURATION Fig. 1 shows the schematic view of the proposed dual band RA. As it is depicted in Fig. 1(a) , the FSS-Backed reflectarray antenna for Ku band is placed on the top of X band conventional reflectarray by a (h i =1 cm) spacer. It is to be noted that all the dimensions for spacers were chosen based on achievable mechanical accuracy and material availability. The design has been carried out so that the center-fed (θ In Fig. 1(b) we can see the location of the Ku-band RA on top of the X-band RA and compare its size with the bottom RA. The size of this Ku-band FSS-Backed RA is about ¼ of the X-band one.
According to Fig. 1(c) , the FSS-backed RA is composed of two layers. The phasing elements are etched on the top surface of the upper layer and FSS elements are printed on both sides of the bottom layer, where the free space distance between these two layers (d ku ) is 2 mm. Also, as can be seen in Fig. 1 (c) the X-band elements are etched on top of the bottom layer which is backed by a ground plane at distance of 2 mm (d x ) to increase the bandwidth. All the used substrates in this design are RO-4003 with thickness 32 mil.
A. Design of Ku band element
The unit-cell configuration for Ku-band is shown in Fig. 2 . As it can be seen from Fig. 2(a) , this the top of the upper substrate [14] . The elements of Fig. 2 (c) and Fig. 2 (d) printed on both sides of the bottom substrate are used as FSS layer ( Fig. 3(a) ).The main effect of 2 mm spacer is to reduce the coupling between the elements on top (radiating) and bottom (FSS) layers and thus increasing the bandwidth of the RA [15] . Final dimension of the unit cell is 9 mm×9 mm. The design process of the proposed cell element is originated from the method presented in [7] for multiband-multi polarization elements. As the starting point, the dimensions of the FSS layer are maintained while the length of the phase delay lines of the radiating element is changed to achieve a large phase variation range. Then, the FSS layer is adjusted to obtain maximum reflection in Ku band and at the same time minimum transmission in X-band. Based on the method in [7] two different FSS-backed unit cells are studied to get more insight on the cell element of Fig. 2 . As shown in Fig. 3 , first element consists of a phasing element on top layer and a ring element on bottom layer as the FSS-layer, for frequency range of 17.5 GHz. The plot of 
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Also, the magnitude of reflection coefficient for large values of n shows that about 25% of the incident wave will be reflected in the frequency range of 7.5-9 GHz by this element. It is to be noted that to achieve a FSS-backed element where in the pass-band and stop-band occurs close to each other, it is necessary to decrease the amount of the latter reflection. Therefore, the element of Fig. 4 is used to obtain more reduction of the reflection coefficient in out of band, particularly at frequencies close to the design frequency. Similar to [16] , the ring element of the FSS layer is connected to the adjacent elements by four stubs. According to [17] , these additional stubs cause some reduction of the inductance in equivalent circuit of FSS element. On the other side, to maintain the resonance frequency, f r = , the capacitance in the equivalent circuit should be increased. Since the bandwidth of stop-band filters is proportional to , the stop band around 17.5
GHz will increase while the reflection coefficient out of the operational band (around 8 GHz) will decrease to -7 dB, as is shown in Fig. 4 .
Based on the above investigation to achieve an appropriate performance in both bands, the FSS element in Fig. 5 is exploited which is a combination of both typical and modified elements in Fig. 3 and Fig. 4 . The dimensions of the elements are optimized to attain proper operation in both bands The phasing element of FSS-Backed RA (the upper layer in Fig. 2(a) ) is a ring with four attached delay lines. Note that the phase shift is proportional to twice of the electric length of phase delay line [18] . Therefore, by varying the delay line length the necessary phase shift is attained. Note that the variable parameter of the phasing element is the turn value; therefore it is worthwhile to obtain the relation between the turn value and length of the delay line. The equation of the radius versus φ for spiral line is expressed by (1): 
Where the parameters φ, w s , g s , l s and r a are specified in Fig. 2(b) . By substituting φ = 2nπ in (1):
Where n is denoting the number of turn. The differential equation shown below can be considered:
By integrating and simplifying the formula, (4) is derived. To check the operation of FSS for different values of phase delay lines length, the S-parameters are obtained using CST Microwave Studio. Fig. 6(a) shows the amplitude of S 11 versus values of turn. As it is observed, at 17.5GHz the amplitude of reflection for a range of delay lines length is above -0.55dB. Also, the amplitude of reflected wave in Ku-band which is shown in Fig. 6 (a) for several frequencies, demonstrates the ground plane role of FSS layer in Ku-band.
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To get a better understanding, the performance of this unit cell in X band is examined. The S 11
parameter versus different turn values of phase delay line is presented in Fig. 6(b) . In the X band (8-9 
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B. Design of Ku band reflectarray
The back-scattered field of the whole reflectarray in an arbitrary direction (u) is expressed as:
Where F and A are feed antenna pattern and unit cell element pattern, respectively. r pq and r f denote the position vector to pq th element and the position of the feed antenna, respectively. Also, u 0 is the chosen main beam direction and φ pq is the required phase shift at pq th element which is given as:
Where k 0 is the free space wave number. And (x pq ,y pq ) is the coordinate of pq th element and (θ b ,φ b )
is the main beam direction [18] .
A 14×14 element center fed FSS-Backed reflectarray is designed and fabricated using cell element The required phase shift distribution on the surface of Ku band RA is depicted in Fig. 8 . The delay line length for producing the phase shift in Ku band has been calculated from Fig. 6(c) .
The fabricated RA antenna is shown in Fig. 9 . As aforementioned, this antenna consists of two layers with distance of 2 mm from each other ( Fig. 9(d) The measurement setup is shown in Fig. 10 . The measured radiation pattern at 17.5 GHz and the gain curve are represented in Fig. 11 . As it is observed the main beam direction in E-plane is -15 deg off-broadside and the measured gain is 23.9 dBi (aperture efficiency is 36%) at 17.5 GHz. The measured 3-dB beam width and side lobe level are 6 o and -15dB, respectively. Fig. 11(b) illustrates the measured gain versus frequency for the frequency range of [16] [17] [18] [19] GHz, where the frequency range of 16.5-18.5 GHz is measured as 1-dB gain bandwidth. It can be seen that the peak gain occurs at a lower frequency with regard to design frequency, which can be due to fabrication tolerances. C. The effect of FSS-backed RA on the performance of the X band RA Eventually, the performance of the X-band RA is assessed in the presence of Ku band FSS-backed RA. The unit cell of X-band RA is shown in Fig. 12 . This wideband element has been previously introduced by the authors [14] , and to avoid redundancy is not repeated here. Based on [9] the larger spacing between two arrays results in smaller coupling. However, because of some restrictions on facilities this space was chosen to be 1 cm. Utilizing the cell element in [14] , As it was shown in Fig. 7 (c) the performance of FSS-backed RA has low sensitivity to the X-band horn and its angle of illumination. Therefore, it is expected that the location of FSS-backed RA on top of the X-band RA has negligible effect on performance of the X-band RA. However, to achieve more mechanical strength it was preferred to place it at the corner, as shown in Fig. 13(a) .
The radiation pattern at 8.5GHz and gain curve vs. frequency for X-band RA are presented in Fig.   13 (b) and .13(c). As it can be seen these results are given with and without Ku-band RA. Separately measurement of X-band RA shows the efficiency of the single X-band RA at 8 GHz is about 63% (̴ 26.12 dB gain) while it is reduced to 59% (̴ 26.4 dB gain) at the frequency of 8.5 GHz. However, when Ku-band RA is located on the top of the X band RA, the maximum gain at 8 GHz is reduced to 24.68 dB (̴ 44% efficiency) and 24.75 dB gain (̴ 40% efficiency) at 8.5 GHz. Therefore, we can conclude an insertion loss of about 1.5 dB and 1.65 dB for the frequencies of 8 GHz and 8.5 GHz respectively. Also, According to this figure, the insertion loss is increased as the frequency increases.
The 1-dB gain bandwidth for X band RA with Ku band RA is about 12%. 
